ABSTRACT. Gamelin, F-X., J. Coquart, N. Ferrari, H. Vodougnon, R. Matran, L. Leger, and L. Bosquet. Prediction of one-hour running performance using constant duration tests. J. Strength Cond. Res. 20(4):735-739. 2006.-Critical velocity (CV) represents, theoretically, the highest velocity that can be sustained without fatigue. The aim of this study was to compare CV computed from 5 mathematical models in order to determine which CV estimate is better correlated with 1-hour performance and which model provides the most accurate prediction of performance. Twelve trained middle-and long-distance male runners (29 Ϯ 5 years) performed 3 randomly ordered constant duration tests (6, 9, and 12 minutes), a maximal running velocity test for the estimation of CV, and a 1-hour track test (actual performance). Two linear, 2 nonlinear, and 1 exponential mathematical models were used to estimate CV and to predict the highest velocity that could be sustained during 1 hour (predicted performance). Although all CV estimates were correlated with performance (0.80 Ͻ r Ͻ 0.93, p Ͻ 0.01), it appeared that CV estimated from the exponential model was more closely associated with performance than all other models (r ϭ 0.93; p Ͻ 0.01). Analysis of the bias Ϯ 95% interval of confidence between actual and predicted performance revealed that none of the models provided an accurate prediction of the 1-hour performance velocity. In conclusion, the estimation of CV allows us to rank middle-and long-distance runners with regard to their ability to perform well in long-distance running. However, no models provide an accurate prediction of performance that could be used as a reference for coaches or athletes.
INTRODUCTION

S
ince the classic work of Hill (10) , it has been accepted that the relationship between power output and time to exhaustion is a hyperbola. The power asymptote of this relationship, which is equivalent, by conversion, to the slope of the regression line relating work and time to exhaustion, has been termed critical power (CP) by Monod and Scherrer (25) . Since it represents, at least theoretically, the highest power output that can be sustained from aerobic energy reconstitution without fatigue, CP is a good index of performance capability in long-duration events (2, 11, 32) .
Ettema (6) applied the concept of CP to running by substituting velocity for power and distance for work. The velocity asymptote of the hyperbolic relationship between velocity and time to exhaustion or, by conversion, the slope of the linear relationship between distance and time to exhaustion, termed critical velocity (CV), has the same physiological meaning as CP (19, 20, 27 ).
The linear distance-time to exhaustion and nonlinear velocity-time to exhaustion relationships do not represent the only mathematical models allowing the estimation of CV (18) . In order to overcome the assumption of the hyperbolic model that velocity is infinite when time approaches zero, Hopkins et al. (13) and Morton (26) proposed 2 distinct system models, including an additional parameter representing maximal velocity (Vmax). For their part, Whipp et al. (33) proposed a linear conversion of the hyperbolic relationship by relating velocity and the inverse of time.
Studies designed to compare CV or CP computed from these 5 mathematical models reported a difference of almost 20% between the highest and the lowest estimates (3, 8, 12, 18) . Although the choice of equation appears important, the questions remain open with regard to determining which model provides the CV estimate that is the most closely correlated with performance capability in long-duration events.
The interest in modeling the relationship between distance or velocity and time to exhaustion goes beyond the simple estimation of CV. In fact, it allows us to estimate individually either the time required to cover a given distance or, by conversion, the velocity that can be sustained for a given duration. Such data are of great interest to coaches in predicting performance or in prescribing training intensities, especially for middle-and long-distance runners. Indeed, a method to increase long-duration performance is to train at performance velocity (9) . With the exception of the study of Hughson et al. (20) , who found performance in the 10 km predicted from the hyperbolic model to overestimate actual performance, no attempt has been made to assess the accuracy of predictions made from individual parameters of each model in long-duration running.
The purpose of this study was twofold: (a) to determine which CV estimate is the best predictor of performance in a long-duration event and (b) to compare actual performance with performance estimated from individual parameters, in order to assess the predictive value of each model.
METHODS
Experimental Approach to the Problem
All subjects performed 3 constant duration tests and a maximal running velocity test for the estimation of CV. The constant duration tests were carried out randomly, and the time interval between them was at least 24 hours. The maximal running velocity was added randomly to a constant duration test. Subjects achieved the maximal running velocity with the same shoes used in constant duration tests. They also performed a 1-hour track test (actual performance) to compare the predicted performance with the actual performance. All tests have been performed within a period of 7 weeks before the 1-hour test. Subjects avoided strenuous physical activity for 24 hours before the test, and were instructed to comply with a similar nutrition intake. We utilized well-trained runners who were able to achieve a 1-hour-long run and adapt their running velocity during tests to realize their best performances.
Subjects
Twelve well-trained men gave their written informed consent to participate in this study. Their mean (ϮSD) age, height, and weight were 29 Ϯ 5 years, 177 Ϯ 7 cm, and 70 Ϯ 8 kg. All participants were middle-and long-distance runners who trained more than 4 days per week for at least 3 years. The mean personal record of the group on a 10 km was 37.7 Ϯ 2.7 minutes during the year of the experiment. All subjects were submitted to an inclusion protocol before the start of the experiments. This consisted of an information session regarding the study nature, the potential risks involved, and the benefits of the study, followed by a complete medical screening for the subjects who were interested in participating in the study. Then all subjects provided informed consent prior to participation in the study. The protocol has been reviewed and approved by the Consultative Committee for the Protection of Human Subjects in Biomedical Research of the Nord Pas de Calais-France.
Constant Duration Tests
To determine CV time to exhaustion, which has to occur between 3 and 30 minutes (32), 3 randomly ordered constant duration tests of 6, 9, and 12 minutes were performed on a synthetic indoor 200-m track at the same time of day (between 5:00 PM and 8:00 PM). The instruction given to the subjects was to cover as much distance as possible in the set time period. The distance was measured to the nearest 5 m. Each test was preceded by a standardized warm-up consisting of 10 minutes of selfpaced running, 5 minutes of stretching, and 5 accelerations of 100 m interspaced by 1 minute of passive recovery.
Maximal Running Velocity Test
Two 30-m trials with a 20-m run-up separated by 5-minute passive recovery were performed on a synthetic indoor 200-m track. The warm-up preceding the first trial was similar to the warm-up preceding constant duration tests. Velocity was measured with photocells (IRE and IRD-T175; Brower Timing Systems, Salt Lake City, UT) placed at 20 and 50 m. Time was collected telemetrically with a chronometer (CM 705 CR; Brower Timing Systems). The height of the photocells was adjusted in order to be cut by the hip of the subjects. Mean velocity over the fastest 30 m was considered as Vmax.
Performance Trial
The subjects participated in a 1-hour event, which was held on a synthetic outdoor 400-m track. We opted for this event, since it represents a good compromise between the different events run by our subjects in competition (10 to 21.1 km). Again, the instruction was to cover as much distance as possible during the 60 minutes of the competition. The distance was measured to the nearest 10 m.
Mathematical Modeling
Performance in constant duration tests and, when appropriate, in the maximal velocity test was fitted to each of the 5 models used by Housh et al. (18) to estimate CV:
The Classical Hyperbolic Model. The classical hyperbolic model, first proposed by Hill (10) , uses the regression between time (t) and velocity (v), thus:
where t represents the time (seconds), ARC is the anaerobic running capacity (meters), and CV is the critical velocity (m·s Ϫ1 ). The Linear Reformulation. The linear reformulation, proposed by Monod and Scherrer (25) , uses the regression between distance (d) and time (t), thus:
The Alternative Linear Model. The alternative linear model, proposed by Whipp et al. (33) , uses the regression between velocity (v) and the inverse of time (1/t), thus:
The 3-Parameters Model. The 3-parameters model, proposed by Morton (26) , uses the regression between time (t) and velocity (v), with the addition of a third parameter, representing Vmax, expressed in m·s
Ϫ1
, thus:
The Exponential Model. The exponential model, proposed by Hopkins et al. (13) , uses the regression between velocity (v) and time (t), with the addition of Vmax, thus:
where is an undefined time constant (seconds).
Performance Prediction
Individual parameters of each model were used to predict either the velocity (Eqs. 1, 3-5) or the distance (Eq. 2) that subjects could sustain or cover during the 1-hour event. In the case of Eq. 2, distance was divided by the duration of the event (3,600 seconds) in order to obtain a velocity and to make comparisons with the 4 other models.
Statistical Analyses
Standard statistical methods were used for the calculation of means and standard deviations. The coefficients of determination were calculated to examine the goodness of fit of the data to the models. A general linear model for repeated measures was used to evaluate the differences in mean CV and mean predicted performance among the 5 models. Normal Gaussian distribution of the data was verified by the Shapiro-Wilk test. The compound symmetry, or sphericity, was checked by the Mauchley test. When the assumption of sphericity was not met, the significance of F-ratios was adjusted according to the Greenhouse-Geisser procedure when the epsilon correction factor was Ͻ0.75 or according to the HuynFeld procedure when the epsilon correction factor was 
RESULTS
Critical Velocity
The mean CV estimates of the 5 models, as well as the goodness of fit and the correlation with performance, are presented in Table 1 . The Bonferroni post-hoc test revealed that both Nonlinear-3 (lowest) and EXP (highest) CV estimates were significantly different from all other models. Although all CV estimates were correlated with each other (0.85 Ͻ r Ͻ 0.99, p Ͻ 0.01) and with performance (0.80 Ͻ r Ͻ 0.93, p Ͻ 0.01), it appears from our data that CV computed from EXP model was more closely associated with performance than all other models.
Performance Prediction
The mean velocity sustained by the subjects during the 1-hour track test (i.e., actual performance) was 4.27 Ϯ 0.23 m·s
Ϫ1
. The mean predicted performance of the 5 models, as well as the correlation with actual performance, the bias, the 95% confidence interval for the bias, and the magnitude of the difference, are presented in Table 2 . It appears that the 5 models provided predictions that could differ significantly from each other. Nonlinear-3 was the only model the prediction of which did not differ significantly from actual performance (the magnitude of the difference was interpreted as being small). However, the 95% confidence interval was quite large (0.13 Ϯ 0.55 m·s Ϫ1 , which represents 12.9% of actual performance). On the contrary, the bias of the EXP model was considered to be large, but the 95% confidence interval was the narrowest (0.48 Ϯ 0.29 m·s Ϫ1 , which represents 6.9% of actual performance).
DISCUSSION
CV can be computed from performance in 3 kinds of tests: constant-work (CWT), constant-duration (CDT), and constant-power (CPT) tests (16) . Most studies use 2 to 6 CPT to determine CV (7, 18, 19, 20, 22-24, 27, 31) . However, considering the reliability study of Jeukendrup et al. (21), who reported a coefficient of variation of 26.6% for CPT, 3.5% for CDT, and 3.4% for CWT, we opted for the use of CDT instead of CPT. This choice was confirmed by Schabort et al. (29) , who observed a coefficient of variation of 2.7% and an intraclass correlation coefficient of 0.90 for a 1-hour CDT.
As stressed by several authors (1, 4, 32) , the choice of a given range of duration is particularly important in estimating CV. Classical guidelines recommend that the shortest duration should not be less than 3 minutes, while the longest trial should not exceed 30 minutes (1, 32) . It is worth noting that most studies do not use trials longer than 12 minutes (18, 19, 20, 23) . Additionally, there should be at least 5 minutes between the shortest and the longest trial (17) . The range of duration used in our study is in agreement with these guidelines.
If parameter estimation from linear models is not influenced by designation of the dependant and independent variables when the coefficient of correlation is high (28), it does not seem to be the same for nonlinear models (8) . In order to ensure consistency with the literature, time was designed as the dependent variable for Nonlinear-2 and Nonlinear-3 models, while Velocity (Linear-V and EXP) or Velocity·t (Linear-TD) were used instead for the 3 remaining models (8) .
The goodness of fit of the data to the 5 models (0.97 Ϯ 0.03 Ͻ r 2 Ͻ 1.00 Ϯ 0.00) is high and is consistent with the values reported in previous CV studies (12, 17, 19, 22, 23, 30) .
The first purpose of this study was to determine which CV estimate was the best predictor of performance in a 1-hour track event. As already reported by Housh et al. (17) for CV, as well by as Gaesser et al. (8) and Bull et al. (3) for CP, we found the Nonlinear-3 model to produce the lowest mean CV, while the EXP model resulted in the highest estimate (Table 1 ). There was no difference between Linear-TD, Linear-V, and Nonlinear-2. All CV estimates were correlated with each other but also with performance ( Table 1 ). The correlations observed in our study are on the same order of magnitude as values reported by Kolbe et al. (23) between EXP and performance in a 10 km (r ϭ 0.85) and a 21.1 km (r ϭ 0.79), Kranenburg and Smith (24) between Linear-V and performance in a 9.8-km cross country (r ϭ 0.92), or Florence and Weir (7) between Linear-TD and performance in a marathon (r ϭ 0.87).
Gaesser et al. (8) suggested, on the basis of both statistical and physiological considerations, that the Nonlinear-3 model should be preferred to estimate both CV and ARC. If our results demonstrate that the Nonlinear-3 CV estimate is well correlated with performance (r ϭ 0.80), they also indicate that it is not the better predictor, since correlations observed with all other CV estimates are higher (Table 1 ). It appears that CV derived from EXP is more closely linked to performance than all other models (r ϭ 0.93). As already outlined by Gaesser et al. (8) and Bull et al. (3) , it can be the consequence of differences in the selection of the dependent and independent variables, the expression of the variables (t vs. 1/t), or the number of variables in the model that can affect their respective weight. If the exact mathematical explanation of this difference remains to be elucidated, the fact is that CV derived from EXP appears to be a better predictor of performance in a 1-hour track event than other CV estimates in well-trained male runners.
The second purpose of this study was to compare actual performance with performance estimated from individual parameters in order to determine the predictive value of each model. All models except the Nonlinear-3 model resulted in predictions that were significantly higher than actual performance. The magnitude of these differences was either small (Nonlinear-3), moderate (Linear-TD, Linear-V, Nonlinear-2), or large (EXP). Hughson et al. (20) already reported such a difference, since they found performance in the 10 km predicted from Nonlinear-2 to be significantly higher than actual performance.
Part of the difference observed in our study was probably due to differences in experimental conditions. In fact, CDTs were run on a 200-m indoor synthetic track (i.e., without wind), whereas the 1-hour event was run on a 400-m outdoor synthetic track under cool but windy conditions, which could have slowed down the pace.
Whatever the duration of the event, both Linear and Nonlinear models cannot predict a velocity lower than CV. Results available in the literature clearly demonstrate that CV is not the intensity that can be maintained for a long period of time without fatigue (25) . Depending on the model used to estimate CV and the number and the duration of predictive trials, time to exhaustion at CV has been reported to vary from 16.43 Ϯ 6.08 minutes (27) to 57.7 Ϯ 9.9 minutes (28). The consequence is a low predicted value for events with a duration of 1 hour or more, since mean velocity sustained during these events is generally slower than CV, resulting in an overestimation of performance.
The smallest enhancement of performance that has a substantial effect on a top athlete's chance of winning is approximately one-third of the typical variation of performance in competition (14) , which is approximately 1% for half marathon and marathon (15) . With 95% limits of confidence representing 7-13% of actual performance, the potential for error in using such predictions is too great to detect such an effect.
The aim of this study was twofold: (a) to determine which CV estimate from the 5 mathematical models generally used in the literature is the best predictor of performance in a 1-hour track event and (b) to examine the predictive value of each model by comparing actual performance with performance estimated from individual parameters. It appears from our results that CV derived from EXP is more closely associated with performance than is CV derived from the other models. On the other hand, none of the models seems to be in a position to predict performance with a sufficient accuracy to detect worthwhile effects in long-distance events.
PRACTICAL APPLICATIONS
This study has shown that no CV models permit the prediction of 1-hour running performance. Generally, to enhance performance, training sessions at competition velocity are prescribed in the training program. Thus, it is not recommended for coaches or athletes to consider the velocity predicted by any models as the competition velocity. However, in this study, the prediction of performance and CV are strongly correlated (r Ն 0.80, p Ͻ 0.01) with the actual performance regardless of which model is used. Indeed, the CV is more closely correlated with marathon performance than the maximal oxygen uptake. Thus, the estimation of CV is more sensitive to an individual's ability to perform well in 1-hour performance than the maximal oxygen uptake (V O 2 max). Generally, coaches rank their athletes with reference to their maximal oxygen uptake, but it is not the only determinant in long-distance events. They have to sustain a high percentage of V O 2 max throughout the entire effort's duration (e.g., aerobic endurance). The estimation of CV takes into account the V O 2 max and the aerobic endurance. Even CV derived from EXP is more closely associated with performance than is CV derived from the other models; the calculation of CV obtained from the Linear-TD model is relatively easy to assess with only 2 field tests or 2 performances. The CV was calculated as the slope of the linear regression or distance run vs. time. In this way, CV de-
